Using piezoresistive pressure sensors and in-situ measurement of pressure gradient, the infusion of resin in fiber reinforced composite can be optimized. The optimization of resin flow in Vacuum Assisted Resin Infusion (VARI) is necessary to produce high-quality fibre-reinforced composites. To control the resin infusion process, piezoresistive pressure sensors are embedded to detect the resin flow and resin pressure in Carbon Fibre Reinforced Polymer (CFRP). The measured pressure validates the accuracy of analytical calculations, based on Darcy's law in a porous medium. The sensors are of small size and therefore do not affect the natural flow of the resin.
Introduction
In Vacuum Assisted Resin Infusion (VARI) processes, low viscosity resin will fill up dry stacking of glass or carbon fabrics. There is a pressure difference between the resin inlet and vacuum port. This difference of pressure is the leading force for the resin to fill the dry fabrics. Mainly, trial and error processes are used to foresee the resin flow in laminates, which are costly and unreliable. To reduce the cost and increase the quality, in-situ measurements using cameras [1] , ultrasonic transducers [2] , optical fibres [3] and pressure sensors [4] are done. Since resin infiltrates the fabric by pressure gradients between the resin inlet and outlet, the most relevant measurement to detect the resin flow and the resin pressure simultaneously can be done by means of pressure sensors [4] . In this paper, the piezoresistive pressure sensors are wire bonded on Kapton PCBs and the changes of resin pressure during infusion is monitored in CFRP. The area of PCB reduced from 58 cm 2 in [4] to 4 cm 2 in this paper. It is important to minimize the size of the embedded sensing element to reduce the wound effect [5] caused by integrating a foreign body in the host material.
Materials and Methods
Three piezoresistive pressure sensors are wire bonded to the Kapton PCB, using aluminum wires and the wedge-wedge bonding method. The bonded wires are protected by GE680 (Kationbond, UV-curing encapsulant, www.delo.de). The sensors are placed inside a laminate of carbon fabrics, which is sealed by a vacuum bag. An inlet for the resin and an outlet to the vacuum pump is preserved to/from the airtight laminate. When the vacuum is applied, the fabric inside the vacuum bag is compacted. This compaction will deflect the sensor membrane. To prevent this deflection due to vacuum, a protection cap is glued on top of each sensor. These protection caps are Three piezoresistive pressure sensors are embedded on the bottom ply of the 4-layer carbon fabrics laminate. The stacking of fibers and sensors are schematically shown in Figure 1b . The sensors are placed with a distance of 2.8, 13.0 and 31.0 cm from the infusion line. Spiral tubes are used to provide linear resin infusion and vacuum suction. The laminate is sealed and evacuated by a vacuum pump. The resin RIM 035c is mixed with hardener RIMH 037 (Hexion) and infused at room temperature. Since the mixture has a sufficient low viscosity, no further heating is required to reduce the viscosity prior to infusion.
Darcy's law of fluid flow in porous media [6] is initially used to study the resin flow. This law is extended and used to study the flow of resin in Vacuum Assisted Rein Infusion (VARI) composite production processes. (1) where is the volume average velocity, is the permeability tensor, is the resin viscosity, and p is the resin pressure.
Since the resin is an incompressible fluid, the continuity equation is valid for that 0.
Inserting Equation (1) in continuity Equation (2) results in 0.
Results and Discussion
The resin reservoir is placed at atmospheric pressure. When the resin is infused into the laminate, pressure elevates gradually at the point impregnated by the resin. The sensor close to the resin infusion point shows faster changes in pressure than others. Figure 2 demonstrates the measured pressure inside the laminate during the resin infusion. When the resin reaches any of the embedded sensors, that sensor measures a sudden increase in pressure. The closer the sensor is to the infusion line (S1), the steeper the increase of pressure. The closer the sensor to the vacuum port is (S3) the slower the increase of pressure. The measured pressure can be used to validate the analytical calculation based on Darcy's law. Each sensor is calibrated between 5 mbar and atmospheric pressure prior to embedding. In this study an Arduino card is used for measurement. Wire bonded piezoresistive pressure sensors on flexible PCBs have a small footprint. The pressure sensors are embedded in carbon fibre reinforced polymer. The sensors are successfully measuring the pressure changes in VARI process during resin infusion.
In this paper, the analytical calculation of the pressure gradient inside the laminate based on Darcy's law is done using RTM-Worx software. The calculated pressure is given in Figure 3 . Comparison between the measured and calculated pressure based on Darcy's law shows that two graphs fit each other. A better A/D converter will provide a better measurement resolution.
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